Abstract-This paper presents a new approach for transmitting RF power and signal via an inductive link. Such an approach optimizes the power efficiency of the overall transmission scheme comprising the power amplifier plus the inductive link. Power amplification is based on the single ended class E concept. The power amplification stage is self oscillating, the oscillation frequency thus being influenced by the coupling of the coils. The resulting operating frequency offset yields an improved power transmission performance of the circuit since the oscillation frequency tracks the absolute transmission efficiency maximum. A detailed analysis is given. Realization of the described approach requires a minimal number of circuit components. Experimental and theoretical results are in good agreement.
I. INTRODUCTION NE POSSIBILITY for providing an implanted stim-0 ulator transcutaneously with power and/or information is to transmit RF power via an inductive link. An inductive link generally consists of two resonant circuits, one external and the other as part of an implanted stimulator. The inductivities of the two resonant circuits are realized by two pancake shaped coils. When facing each other, they form a transformer which allows energy transfer from the transmitter to the implant. Inductive links have been investigated with regard to optimization of efficiency of the power transfer and the tolerance to coupling coil misalignment [1]- [5] . All these links are designed to operate at a fixed operating frequency.
The transfer resonant circuit is either series-or parallel tuned. A series-tuned transmitter requires a voltage source, whereas a parallel tuned transmitter is driven by a current source. A voltage source can be realized with two transistor switches which simply switch the input of the series tuned transmitter between the rails of the power supply (i.e., a class D amplifier, e.g., used in [2] and [6] ). A single transistor can act as a current source, capable of driving a parallel tuned transmitter circuit (e.g., class C amplifier). In both cases radio frequency has to be generated by an RF oscillator.
Overall efficiency of a power transmission scheme is defined as the ratio of power delivered to the load (implant) and the overall dc power consumed by the whole system. The overall efficiency of a transmission scheme consisting of RF oscillator, power amplifier, and induc- tive link including load is determined by the power consumption of the RF oscillator, the efficiency of the power amplifier, and the efficiency of the inductive link itself. Earlier designs were aimed at optimizing exclusively the performance of the inductive link. This paper presents an approach for optimizing the whole transmission scheme in terms of the two criteria, overall efficiency and tolerance to coil misalignment. Overall efficiency and tolerance to coil distance variations exert a mutual influence on one another. The electronic circuits of most implants require a sufficiently stable voltage supply to ensure optimum operation. If the transmitted RF energy is highly dependent on the mutual coil position, efficiency is noticeably reduced by power losses due to voltage regulators within the implant, which are necessary for the provision of an adequate supply voltage.
The approach used here for the realization of a coupling-insensitive high efficiency power/data link is based on the high efficiency class E power amplification concept. The idea was to combine a class E amplifier with a tuned inductive link. In addition, the class E amplifier is self oscillating. Oscillation frequency is not fixed, but influenced by the mutual position of the coils. This self oscillating final stage has two basic advantages over a driven RF amplifier. First, no oscillator is necessary for generating an RF voltage, thus avoiding additional power losses. Second, oscillation frequency offset due to coupling variations significantly improves power transmission performance since the resulting oscillation frequency tracks the absolute transmission efficiency maximum, whose spectral location is dependent on the coil coupling [see Section 111-A.21.
CLASS E TUNED POWER OSCILLATOR INVOLVING AN

INDUCTIVE LINK
The fundamentals of the class E power amplification concept have been broadly discussed in the literature [7] -[ 101 and application examples have been presented [ 1 11, [12] . An example of the combination of a class E tuned power oscillator and an inductive link is depicted in Fig.  1 .
In this case the series tuned output circuit of an ordinary class E power amplifier is replaced by a stagger tuned inductive link. The inductive link is represented by a parallel resonant receiver circuit (b, C,, R 2 ) which is cou- The class E concept efficiently permits conversion of dc-battery power to ac power at the switching frequency.
A class E amplifier contains a single transistor, which is assumed to operate as a switch, i.e., collector-emitter voltage is essentially zero with nonzero collector current, and vice versa, collector current is about zero when collector-emitter voltage is applied. One basic condition for high efficiency operation is that the switch turn-on resistance of the transistor (i.e., collector-emitter saturation resistance R,,, ) be comparatively small compared to the ohmic part R of the input impedance Zin = R + j X of the class E output circuit. In contrast to an ordinary class E amplifier where resistance R is equal to the load, R in the present application is dependent on operating frequency fo and on the coupling factor k , i.e., R = R ( fo, k ) . In the case of comparatively weak coupling of the coils (i.e., 0.1 < k < 0.3), R,,, is not negligible in comparison to R ( fo, k ) in the analysis.
ANALYSIS A. Frequency Analysis
To analyze the properties of the oscillator depicted in Fig. 1 , the circuit is cut at the feedback branch and, in making investigations, it is assumed to be driven by an external frequency source (frequency analysis). An equivalent circuit is shown in Fig. 2 . This is based on the following assumptions:
rent Io and has no series resistance; switch in series with an ohmic resistor R,,,;
collector-emitter voltage;
the RF choke allows only a constant (dc) input curthe switching transistor can be described as an ideal the total shunt capacitance CO is independent of the resistor R, consists of resistor RI plus an additional resistor Ro and the base-emitter input resistor of the transistor switch. It is averaged over one time period. Frequency analysis can be considered in two parts, i.e., into class E analysis and link analysis.
I) Class E Analysis: The analysis of the class E amplifier is performed using the above listed assumptions.
The inductive link together with the feedback network is represented by the complex input impedance Zin. In the following, the real and imaginary parts are designated as R and X , i.e., Zin = R + jX.
It is assumed that the series reactance X applies to the fundamental frequency only and is infinite at harmonic frequencies. This allows the statement
( 1 ) with amplitude io and phase cp to be determined. A time period Tis divided into two equal sections, (i.e., the duty ratio is 50%), the transistor being switched off during the first section, and on during the second. Collector-emitter voltage U , ( t ) within the switch-off-state (0 < t < T/2 ) then is
with U,, as collector voltage at times t = * * -2t. 
R =-!-[(:+5~7)+$((7+-!) 3
WCO dc Efficiency of this idealized class E scheme is determined by two effects, i.e., by the power consumption of resistor R,,, in the on-state and by collector-emitter voltage U , ( t ) across capacitor CO at times
-3 T / 2 , -T / 2 , T / 2 , 3 T / 2 *
(i.e., U x l ) . The second loss mechanism can be minimized by proper circuit design.
2) Link Analysis:
Link analysis is achieved with the help of Fig. 3 . It depicts an equivalent circuit of the inductive link including the feedback branch.
To determine the overall two port describing the inductive link, two port A (index a ) containing all coupled coils first is evaluated. It is assumed that coil Lf is just coupled to coil L I (coupling factor k l ) , but not to coil L2. Then impedance matrix Zai, becomes 
Inserting Z,, = R + jX into (9) and (10) now fully defines the class E amplifier and consequently the complete system. Output voltage U2 and overall efficiency 9 are calculated with matrix Hik and (10) and (12):
and Function v ( f ) is plotted in Fig. 4 for various coupling factors. The calculation is based on circuit specifications Table I . These values are also used {. b or the following plots. Fig. 4 shows that, for a given coupling, the absolute maximum efficiency is achieved in a frequency region between 7.5-8.5 MHz. Within this region, efficiency peaks move towards higher frequencies with decreasing coupling factor k.
B. Oscillator Analysis
Oscillation frequencyf, of the class E oscillator is characterized by the fact that the phase shift between switch Note, that both phase shifts cp, and cp, are independent of the coupling factor k .
Phase shift cp( f) between pointers io and ZI is determined by (9). It is depicted in Fig. 6 as a function of operating frequency f for various coupling factors k .
All curves cp ( f ) intersect at point S. At this point, phase shift cp ( f ) is independent of coupling factor k .
It can easily be proved that, given that two curves cp ( f) with different coupling intersect, then all curves do so: with the help of (15) and (17), (9) can always be reduced to a general form Oscillation frequency fo is determined by the following relation
The left side of this equation is independent of coupling factor k and comparatively weakly dependent on frequency f. In a first approximation it can be assumed to be If coupling is sufficiently high (compare Fig. 6 , curves with k = 0.3, 0.25, 0.2, 0.15), there exist three intersection points of phase cp ( f ) with the straight line pO. In this case point S is not a stable operating point since Two stable operating points, i.e., two possible oscillation frequencies for each solution, remain. If coupling drops below a certain limit, the only stable operating point is point S (compare curve cp ( f ) for k = 0.1 of Fig. 6) .
Which of the two stable operating points is preferred by the system is explained assuming that the coupling of the coils is being slowly increased. At low coupling the only stable operating point is S, as explained above. The coupling is now increased until the condition is reached in point S. S is still the only stable operation point. Any further increase of k forces the system to decide between two intersection points left or right of S. S itself is not stable, since (25) is valid. Theoretically neither right nor left is preferred; the probability is 0.5 for both cases. This decision can be avoided, if S does not lie on straight line cpO. E.g., if S is somewhat below cpo, the operating points of the system will be left of S at increasing coupling. In every intersection point left of S condition , "._ is valid. If S is above p0, the system will prefer operation points right of S . Thus in practical applications a left/right preference of the circuit operating points can be achieved by proper adjustment of cpo.
The operating points situated to the left of point S move towards higher frequencies, if coupling factor k is decreased. A comparison with Fig. 4 shows that these operating points are tracking the absolute maximums of the overall efficiency. The behavior of the output voltage U, in terms of coupling variations is treated below. In the following, calculation and experimental results are compared. Fig. 7 depicts coupling factor k measured as a function of spatial coil distance d . IV. DATA TRANSMISSION In principle the system described can be used for inductive transmission of information. Practical schemes are amplitude modulation (AM) to convey an analog waveform, or amplitude shift keying (ASK) to transmit digital data. AM and ASK can be achieved to modulation of supply voltage U, of the transmitter circuit. A more detailed description of the AM and ASK performance of the circuit will be presented in a forthcoming paper.
V. CONCLUSION
The feature of the system described in the present paper may be summarized as follows: 1) A high overall efficiency is obtained, even if coil coupling is comparatively low. Thus heavy ferrite back- ings of the coils used in some applications to improve coil coupling [2] may be avoidable.
2) The RF voltage amplitude is extremely insensitive to coupling variations within a wide coupling range.
3 ) For realization of the transmission scheme a minimal number of circuit components is necessary. The only active element is a single transistor switch.
4)
The operating frequency is not fixed, but influenced by the coil coupling.
)
Referring to point 4), a practical scheme for transmitting power and digital data, is e.g., amplitude shift keying.
